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Abstract 
Electrochemical noise (EN) studies were conducted on three different sets of modified 9Cr-1Mo steels containing different 
contents of nitrogen and boron in air-saturated 0.05M NaCl solution at 1 Hz sampling frequency for 72 h continuously, in order 
to study the metastable pitting corrosion behaviour of these steels. These specimens had different combinations of boron and 
nitrogen (60 ppm boron and 110 ppm nitrogen, 60B + 110N), (90 ppm boron and 100 ppm nitrogen, 90B + 100N) and (100 ppm 
boron and 47 ppm nitrogen, 100B + 47N) respectively, while base metal composition was same. Current signal analysis was 
carried out to know the total number of current transients as a function of current amplitude. The statistical parameter like σI was 
studied to indicate the extent of localized corrosion activity. It was observed that the total number of current transients was 
highest for the specimen with comparable concentrations of boron and nitrogen, 90B + 100N; also it showed highest number of 
high current transients, suggesting its tendency towards pitting corrosion. This is mainly due to the formation of boronitrides 
which reduces dissolved boron and nitrogen causing increased pitting corrosion activity. Low boron (60 ppm) and high nitrogen 
specimen showed lowest number of high current transients, indicating improved passivation. The plots of σI as a function of time 
as well as cumulative probability (CP) vs. σI showed inferior pitting corrosion resistance for the former while the latter showed 
the least corrosion activity.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 The high chromium (9-12%) ferritic steels are continuously modified by optimization of carbon content, 
addition of solid solution strengtheners Mo and W, carbide forming elements Nb and V and by controlled addition 
of elements like N  and B for enhanced creep strength and stability of microstructure [1]. Modified 9Cr-1Mo ferritic 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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steel, in which V and Nb contents have been optimized, is used as a structural material for the steam generator of 
prototype fast breeder reactor (PFBR) under construction in Kalpakkam. This material is being used extensively for 
super heater tubings, headers, and pipings of conventional as well as nuclear power plants with steam temperatures 
up to 866 K [2,3]. This material has favourable mechanical properties, high temperature corrosion and oxidation 
resistance and the material derives its strength from Cr, V and Nb carbides. The addition of boron to modified 9Cr-
1Mo ferritic steel reduces the coarsening rate of M23C6 carbides by enrichment of boron in M23C6 particles, thus 
improving the creep properties [4,5,6]. The addition of nitrogen causes the precipitation of fine MX carbonitrides 
with vanadium and niobium, which contribute to the improvement of creep strength [6]. However, the combined 
addition of boron and nitrogen causes the formation of boron nitrides during normalizing at 1050-1150oC, which 
reduces dissolved boron and nitrogen concentration affecting the creep properties adversely [6]. The corrosion 
tendency of modified 9Cr-1Mo steel in which both boron and nitrogen are added together in varying concentrations 
needs to be evaluated. In the present work attempt was made to investigate the combined effect of boron and 
nitrogen on the pitting corrosion tendency of modified 9Cr-1Mo ferritic steel in order to arrive at an optimum 
concentration of boron and nitrogen for improved pitting corrosion resistance of modified 9Cr-1Mo steel. 
2. Materials and Methods 
2.1 Specimen Preparation 
 Cylindrical specimens (25 mm length and 10 mm dia.) of each alloy were used for these studies. The 
chemical compositions of these steels are given in Table 1. These specimens were drilled and tapped at one end to 
establish electrical contact with the external circuit using a specimen holder rod. The specimens were ground to 
1000 grit, polished up to fine diamond (1 μm), cleaned with soap solution and dried before immersing in the 
electrolytic solution. The junction of the specimen and the specimen holder rod was covered completely with a 
teflon tape (polytetrafluoroethylene, PTFE) to avoid corrosion at the junction which was kept out of the solution.  
2.2 Potentiodynamic Anodic Polarization Studies 
 The potentiodynamic anodic polarization experiments were performed in a five-necked polarization cell 
provided with a luggin haber probe and a salt-bridge in order to establish the contact of the working electrode with 
the reference electrode. The experiments were performed in the solution of 0.05 M NaCl which was open to 
atmosphere. The potentials were measured against a saturated calomel electrode (SCE). Two platinum foils (with an 
area of 1 cm2 each) spot-welded to the platinum wires were used as the counter electrodes and were placed 
symmetrically on the opposite sides of the working electrode. The scan rate was chosen to be 0.17 mV/s. Initially, 
the specimen was immersed in the solution for 45 min in order to observe the stable open circuit potential (OCP). 
After this period, anodic polarization experiments were conducted from -200 mV(SCE) below OCP till the specimen 
underwent stable pitting attack which was noticed by the monotonic rise in the current. Solartron SI 1287 (Solartron 
Analytical, UK) Electrochemical Interface was used to conduct all the experiments. 
2.3 Electrochemical Noise Studies 
 For carrying out EN studies, two cylindrical specimens were partially immersed in the solution such that 
only their flat surfaces were immersed. The total area of the specimens exposed to the solution was about 1.5 cm2. 
Generally EN experiments are carried out at the OCP wherein one of the specimens acts as working electrode 1 
(WE1) and the other specimen acts as working electrode 2 (WE2). Both the electrodes were exactly of the same 
size, dimensions as well as surface finish. WE1 was connected to working electrode cable and WE2 was connected 
to the ground; in this way both were held at the same potential and were said to be “shorted” together. The 
potentiostat, which can perform this experiment, holds the working electrode connection at the ground potential by a 
small amplifier circuit. Any instantaneous galvanic current, which flows between the two electrodes, is measured by 
the instrument of current measurement circuit using a Zero Resistance Ammeter (ZRA). The potential between the 
working electrode couple (both the WE1 and WE2 were at same potential) and an external reference electrode was 
measured. A SCE was used as the reference electrode. The EN data were collected at 1 Hz sampling frequency at 
room temperature continuously for 3 days in 0.05M NaCl solution in order to study the effect of the chloride ions on 
the pitting corrosion behavior of these steels. All the potential and current noise data collected in the time domain 
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were transformed to the frequency domain through a Fast Fourier transform (FFT) method, using dedicated software 
after suitably detrending the data. 
2.4 Data Analysis Using Shot Noise Theory 
 The current and potential noise signals obtained from electrochemical cell were analysed using shot-noise 
theory. According to shot noise theory, the current signals are composed of independent packets of charge and each 
packet has a short duration [7]. The number of charge carriers passing through a given point is a random variable 
and each event is independent of other events; therefore, shot noise analysis is applicable to the individual events 
[7,8]. Applying the shot noise theory to EN data, three parameters can be derived, the characteristic charge in each 
event q, frequency of these events fn, and an average corrosion rate, Icorr. These parameters are related as: 
    Icorr = q * fn                                                                         (1) 
The q and fn can be estimated from the current and potential noise signals [9]. Assuming that shot noise is produced 
during the breakdown of the passive film, pit initiation and hydrogen evolution, the values of q and fn are given 
as[10]: 
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In Equations (2) and (3), PSDE and PSDI are the power spectral density (PSD) values of potential and current noise 
respectively, at low frequency. B is the Stern-Geary coefficient, σI and σV are the standard deviation of current and 
potential noise, b is the bandwidth of measurement and A is the surface area of the specimen. In the present study, B 
value was taken as 0.026 V per decade [8]. This assumes common values of the Tafel slopes for the anodic and 
cathodic reactions 
2.4 Scanning Electron Microscopic (SEM) Analysis 
 After the EN measurements, the specimens were cleaned with distilled water to remove any loose corrosion 
deposits and chemically etched with Villela’s reagent to observe the microstructure. The specimens were immersed 
in the etchant for 2s, cleaned with distilled water, dried and observed under SEM (CamScan 3200, UK).  
3. Results and Discussion 
3.1 Potentiodynamic Anodic Polarization Studies 
 Potentiodynamic anodic polarization curves are shown in Fig.1. Since the medium (0.05 M NaCl solution) 
is open to atmosphere, it is saturated with oxygen, thus, cathodic reduction process is diffusion controlled. The 
experiments were conducted from -200mv below OCP till the specimen underwent stable pitting corrosion which 
was signified by the monotonic rise in the current. The potentiodynamic anodic polarization diagrams were found to 
be noisy because of the unstable pseudopassive film formed over modified 9Cr-1Mo specimens. The pitting 
potentials (Epit) were found to be 0.115, 0.010 and 0.069 V(SCE) for the 60B+110N, 90B+100N and 100B+47N 
specimens, respectively. Thus, Epit value was most active for the specimen containing comparable boron and 
nitrogen content (90B+110N), thus, it showed relatively least pitting corrosion resistance compared to other steels. 
Specimen containing 60B+110N has the best pitting corrosion resistance as its Epit value is most noble. Specimen 
100B+47N showed intermediate Epit value. 
 
 
609 Namrata Upadhyay et al. /  Procedia Engineering  86 ( 2014 )  606 – 614 
3.2 Current Transient Analysis 
 It has been reported that the pitting corrosion tendency of the alloy can be evaluated from the total number 
of transients in a given time [11], lower the total number of transients in a given time, better is the pitting corrosion 
resistance of that material [12]. Figure 2 shows the plot of number of transients as a function of peak current for all 
the specimens after 24 h of exposure in 0.05 M NaCl solution. It was observed that the total number of transients 
was higher for the specimen with 90B+100N and lowest for the specimen with 60B+110N. It has been reported that 
if the nucleation events are more numerous and grow to a higher current level, the probability of these events turning 
into metastable pitting events increases. The metastable events with higher current amplitudes and larger life times 
have a higher probability to turn into stable pits [13]. Since, the total number of transients was more for 90B+100N, 
it was found to be more susceptible to pitting attack. The reason for increased transients in 90B+100N could be due 
to the presence of more number of boronitrides particles, which created a non homogeneous surface and unstable 
passive film. 
3.3 Statistical Analysis 
 It has been reported that the statistical parameters like standard deviation of current (σI) and standard 
deviation of potential (σV) are used to indicate the extent of corrosion rate or activity [4]. The σI values were 
calculated at the interval of 4 h over the 72 h exposure period in 0.05 M  NaCl solution and were plotted as a 
function of time for all the steels as shown in Fig.3a. The cumulative probability plot for σI which indicates the 
relative corrosion activity of steel is shown in Fig.3b. It was observed that the Specimen containing comparable 
concentration of boron and nitrogen (90B+100N) showed highest value of σI  as a function of time and the one 
containing 60 ppm boron and 110 ppm nitrogen showed least value of σI and hence least corrosion activity. The 
cumulative probability plot for σI also showed the similar result. 
3.4 Shot Noise Analysis 
 Shot noise parameters q and fn provide vital information about the nature of the corrosion processes [11]. It 
is reported that localized corrosion such as pitting corrosion is characterized by a small number of events, i.e. low 
frequency of events, fn and high charge q, whereas passivity is characterized by low charge and high frequency of 
events [10]. Since, pitting corrosion process is a low frequency event, hence cumulative probability plot of fn in the 
lower cumulative probability range corresponds to dominant pitting corrosion [14]. 60B+110N specimen showed 
much higher fn (1Hz) compared to 90B+100N and 100B+47N which showed 10-2 Hz each at the lowest cumulative 
probability. The characteristic charge, q values shown by 60B+110N, 90B+100N and 100B+47N were in the range 
of 10-12–10-7, 10-11-10-5 and 10-11-10-6 respectively. Thus, 60B+110N specimen with higher fn and lowest charge, q 
values showed least pitting corrosion tendency, whereas 90B+100N showed highest pitting tendency.  
3.5 Microstructural Studies 
 Figure 5(a) shows a pit which was nucleated at the complex inclusion/matrix interface; Fig.5(b) shows the 
EDS spectrum confirming the presence of complex inclusion composed of Al2O3, TiO2 MnO2 and SiO2  and the 
corresponding data are given in Table 2. Thus, inclusions provided additional sites for pit initiation apart from 
M23C6 carbides. 
Conclusions 
Based on the potentiodynamic anodic polarization studies as well as EN studies on the pitting corrosion resistance of 
boron and nitrogen containing modified 9Cr-1Mo ferritic steel in 0.05 M NaCl, the following conclusions were 
drawn: 
1. Pitting potentials evaluated from potentiodynamic polarization curve in solutions open to atmosphere showed 
most active pitting potential for the specimen containing equal amounts of boron and nitrogen (90B+100N) whereas 
the specimen containing 60 ppm boron and 110 ppm nitrogen showed most noble pitting potential. 
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2. The current transient plot showed the maximum number of current transients for 90B+100N and least number of 
transients for 60B+110N, indicating increased pitting tendency of the former. 
3. This result was supported by σI vs. time plot which also showed increased corrosion activity for the specimen 
containing comparable amounts of boron and nitrogen. 
4. The shot noise analysis of EN data in 0.05 M NaCl revealed that cumulative probability plots of fn and q was very 
helpful in making a good discrimination between the corrosion resistance of the above steels. The cumulative 
probability plots of fn and q showed that 60B+110N was least susceptible to pitting corrosion whereas 90B+100N 
was most susceptible and 100+47N showed intermittent pitting corrosion behaviour. 
5. Equal amount of boron and nitrogen (90B+100N) causes the formation of boronitrides during normalizing at 
1050-1150oC, which decreased dissolved boron and nitrogen in the matrix and results in increased pitting corrosion 
activity of this steel. 
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Tables 
 
Table1. Chemical composition of modified 9Cr-1Mo steels, wt. % 
 
Elements 60B+110N 100B+47N 90B+100N
C 0.10 0.092 0.104 
Mn 0.5 0.40 0.40 
Si 0.48 0.35 0.36 
S 0.004 0.005 0.004 
P 0.004 0.004 0.004 
Cr 9.2 9.0 9.0 
Mo 1.0 1.0 1.0 
Ni 0.01 0.01 0.01 
Al 0.003 0.001 0.003 
Cu 0.01 0.01 0.01 
V 0.21 0.20 0.21 
Nb 0.07 0.07 0.07 
B 0.006 0.01 0.009
N 0.011 0.0047 0.01
Fe Bal Bal Bal 
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Table 2. Elemental composition of the inclusion observed in the pitted specimen 
Element Wt. % Atom %
Al 1.55 3.03 
Si 1.17 2.19 
S 0.30 0.49 
Ti 8.98 9.89 
V 0.62 0.65 
Cr 11.64 11.81 
Mn 24.67 23.70 
Fe 51.06 48.24 
 
 
 
 
 
 
 
 
 
 
 
FIGURES 
 
 
Fig.1 Potentiodynamic anodic polarization curves for modified 9Cr-1Mo steels in 0.05M  
NaCl solution in aerated condition containing different boron and nitrogen contents. 
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Fig.2 Current transients as a function of current obtained in 0.05 M NaCl solution for 
modified 9Cr-1Mo steels containing different boron and nitrogen contents. 
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Fig.3 A plot of σI as a function of time (a) and cumulative probability plot of σI  
(b) for different steels with varying boron and nitrogen contents. 
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Fig.5 (a) SEM photomicrograph of boron
studies in 0.05 M NaCl showing p
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Fig.4 Cumulative probability plot of q (a)
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